The complete sequence of 9871 nucleotides (nts) of parsnip yellow fleck virus (PYFV; isolate P-121) was determined from cDNA clones and by direct sequencing of viral RNA. The RNA contains a large open reading frame between nts 279 and 9362 which encodes a polyprotein of 3027 amino acids with a calculated Mr of 336212 (336K). A PYFV polyclonal antiserum reacted with the proteins expressed from phage carrying cDNA clones from the 5' half of the PYFV genome. Comparison of the polyprotein sequence of PYFV with other viral polyprotein sequences reveals similarities to the putative NTP-binding and RNA polymerase domains of cowpea mosaic comovirus, tomato black ring nepovirus and several animal picornaviruses. The 3' untranslated region of PYFV RNA is 509 nts long and does not have a poly(A) tail. The Y-terminal 121 nts may form a stem-loop structure which resembles that formed in the genomic RNA of mosquito-borne flaviviruses.
Introduction
Parsnip yellow fleck virus (PYFV) has a combination of properties unlike those of any other plant virus. Its particle constituents resemble those of the picornaviruses of vertebrates (Murant & Goold, 1968; Hemida & Murant, 1989a) and it depends on a helper virus, anthriscus yellows virus, for transmission in the semipersistent manner by the aphid Cavariella aegopodii (Murant & Goold, 1968; Elnagar & Murant, 1976) . PYFV has therefore been placed in a new taxonomic group (Murant et al., 1987; Murant, 1988) provisionally called the 'parsnip yellow fleck virus group' (Murant, 1991) . PYFV isolates fall into two major serotypes with somewhat different, though overlapping, host ranges (Hemida & Murant, 1989b) . The serotypes are called the 'parsnip' and 'Anthriscus' serotypes after the hosts in which they occur. PYFV particles are isometric, 30 nm in diameter (Murant & Goold, 1968; Hemida & Murant, 1989 a) and contain three protein species of approximate Mr 31K, 26K and 22.5K (Hemida & Murant, 1989a) . Sedimentation in sucrose gradients separates the particles into two fractions. The top component (60S) particles appear to be empty shells (Hemida & Murant, 1989a) , whereas the bottom component (152S) particles contain a ssRNA estimated to be 9.9 kb by electrophoresis of glyoxylated RNA in agarose gels (Hemida & Murant, 1989a) . PYFV RNA may also possess a genome-linked protein (VPg)judging by the loss of infectivity after treatment with pronase or proteinase K (Murant et al., 1987) .
It is of considerable interest to know whether the similarity of PYFV to animal picornaviruses in respect of particle properties holds true at the level of genome organization. Here we report the complete nucleotide sequence of genomic RNA from PYFV isolate P-121 (Murant & Goold, 1968) which belongs to the parsnip serotype and is the type member of the parsnip yellow fleck virus group.
Methods
Virus and RNA purification. PYFV isolate P-121 was propagated in spinach plants (var. Medania) and purified from infected leaves ~ harvested 19 days post-inoculation as described by Hemida & Murant (1989a) . Viral RNA was extracted by resuspending virus pellets in 10 mM-Tris HC1 pH 7-6, 0.1 mM-EDTA, 1.0~ (w/v) SDS, heating at 65 °C for 5 min and then extracting with an equal volume of phenol. The aqueous phase was extracted twice more with phenol:chloroform:3-methyl-l-butanol (25:24:1 v/v/v) and the RNA was stored in 70~ ethanol at -70 °C.
Escherichia coli strains and DNA manipulations. E. coli strain XL1-Blue (Stratagene) was used, except in the initial cloning of cDNA into pUC19 when E. coli strain DH5~ (Bethesda Research Laboratories) was used. Transformations were essentially as described by Hanahan (1983) . Plasmid DNA was prepared by alkaline lysis (Birnboim & Doly, 1979) .
cDNA synthesis and screening of libraries. A cDNA synthesis kit (Pharmacia) was used for cDNA synthesis from viral RNA primed with oligo(dT), or with a mixture of oligo(dT) and random primers. NotI/EcoRI linkers were ligated onto the cDNA which was then purified by chromatography in Sephacryl S-400 columns (Pharmacia) and ligated into pUC19 or 2ZAPII (Stratagene). The ~[ZAPII tigation and in vitro packaging reactions were performed as described by the manufacturers (Stratagene, BCL). Recombinant phage were screened with a polyclonal antiserum raised against PYFV particles (Hemida & Murant, 1989b) as described by Huynh et al. (1985) . Selected clones were excised in vivo from 2ZAPII into pBluescript, as described by the manufacturer, for further analysis. Dot blots (Buluwela et al., 1989) were probed with restriction fragments from selected cDNA clones to obtain additional clone coverage of the PYFV genome.
The majority of the sequence was determined from clones in pUC19 or pBluescript by the dideoxynucleotide method (Sanger et al., 1977; Chi et al., 1988) with T7 DNA polymerase. The remainder of the sequence was obtained, after subcloning of the cDNA into M13, by using the Klenow fragment of DNA polymerase I and substituting deaza-dGTP for dGTP. The sequence was compiled and analysed using the GCG package (Devereux et al., 1984) .
Determination of the RNA 5'-terminal sequence. The sequence of the 5'-terminal region was determined by direct sequencing of RNA with the aid of two synthetic 17-mer oligonucleotides (complementary to positions 47 to 63 and 138 to 154) and reverse transcriptase as described by Geliebeter (1987) . Terminal deoxynucleotidyl transferase was used to add homopolymer tails to the reverse transcriptase products (DeBorde et al., 1986) .
Determination of the RNA 3"-terminal sequence. Purified PYFV RNA was 3' end-labelled with [32p]pCp and T4 RNA ligase (England et al., 1980) and applied to 1.0 ml Sephadex G50 spun columns (Maniatis et al., 1982) . The 3'-terminal nucleotide was determined by digesting an aliquot of the labelled RNA with ribonuclease T2 (Donis-Keller et al., 1977) and separating the products by two-dimensional thin layer chromatography on 100 mm x 100 mm cellulose plates (Polygram Cel 300MN). The solvent systems were isobutyric acidq)-5 M-NH4OH (5 : 3 v/v) in the first dimension and isopropanol- in the second dimension (Saneyoshi et al., 1972) .
Additional sequence was obtained by partial digestion of the [32p]pCp-labelled RNA with base-specific ribonucleases as described by Natsuaki et al. (1991) .
Results

The nucleotide sequence of P YFV
The entire PYFV genome was sequenced in both directions from cloned cDNA except for the 5'-terminal 68 nucleotides (nts) which were sequenced directly from the RNA. Over 80% of the sequence was determined from at least two independent cDNA clones and on average each position was sequenced 4.9 times. The complete genome of PYFV was found to be 9871 nts long (Fig. 1) , which is in good agreement with an earlier estimate of 9900 + 290 nts (Hemida & Murant, 1989a) . Sequence heterogeneity was found at four positions and may have arisen from variation in the virus population, or from errors introduced by reverse transcriptase in the synthesis of the cDNA first strand, as reported by Lomonossoff & Shanks (1983) and Meyer et al. (1986) . All the variation was located in the large open reading frame (ORF; see below). A transversion from U to A (nt 6149, in one of five clones) and a transition from U to C (nt 9350, in one of three clones) did not alter the amino acid encoded, but two C to U transitions resulted in changes from Thr to Ile (nt 3163, in one of four clones) and Leu to Phe (nt 4395, in one of three clones).
Determination of the 3"-terminal sequence of P YFV
The 22 T-terminal nts of PYFV RNA were determined by partial ribonuclease digestion of the pCp-labelled RNA (Fig. 2) . The sequence deduced from several repetitions was 5' GAAAGUAAAUAUUAAAUAA-GGX 3'. The terminal nucleotide X could not be resolved in this system, but digestion of pCp-labelled RNA with ribonuclease T2 and chromatographic separation of the products revealed C to be labelled predominantly. A sequence identical to that deduced from the RNA was found at the 3' end of one of the cDNA clones.
ORFs in PYFV
The largest ORF occupies 92% of the genome and is in the plus viral (messenger RNA) sense (Fig. 1) . The putative translation product is 3027 amino acids long and forms a polyprotein with a calculated Mr of 336212 (336K). The three next largest ORFs (588, 453 and 360 nts) are all encoded in the viral minus sense. The second longest ORF in the positive sense is only 303 nts long.
The large ORF begins with the first AUG codon from the 5' end of the RNA (nts 279 to 281) and ends with an ochre codon (nts 9358 to 9360). The first AUG codon is located within a short sequence in which six out of nine nucleotides match the consensus (AACAAUGCC) proposed by Liitcke et al. (1987) for plant initiation codons. The only in-frame initiation codon in the first 1 kb with a better context is at nt 591 with seven out of nine matches to the consensus. The first AUG codon is probably the initiation codon for the PYFV polyprotein because (i) this AUG has an A residue in position -3 which is unlikely to be skipped by a scanning ribosomal 40S subunit (Kozak, 1987) , (ii) the base composition from nts 1 to 278 (34-2% U, 24.8% C, 13.3% G and 27.7% A) has a high U + A and low G residue content consistent with leader sequences in RNA of other plant viruses (Gallie et al., 1987) and if the 5' untranslated region (UTR) is extended to nt 590 the G content rises to 20.0 %; and (iii) an oligopyrimidine tract precedes the first AUG codon. Oligopyrimidine tracts also precede the initiation codons of tomato black ring virus (TBRV) RNA 1 (Greif et al., 1988) and cowpea mosaic virus (CPMV) B RNA (Lomonossoff & Shanks, 1983) , and are important in translation initiation of picornavirus RNA (reviewed by Agol, 1991) . Collett et al., 1988) and yellow fever flavivirus (YFV; Rice et al., 1985) . The dot matrix patterns showed no extensive regions of similarity between the polyprotein of PYFV and those of BVDV, YFV or TEV. The most extensive regions of similarity to the PYFV polyprotein were in the 200K polyprotein of CPMV (Fig. 3a , regions II and III) and the 254K polyprotein of TBRV (Fig. 3b) . These regions of similarity were less extensive in picornaviruses (Fig. 3 c  and d) . A third small region of similarity was detected in the comparison of the PYFV polyprotein with that of HRV14 (Fig. 3c, region I) . The dot matrix comparisons also showed that the PYFV polyprotein contains a region at the C terminus that does not correspond to any region in picornavirus polyproteins ( Fig. 3c and d) .
Structural proteins
Recombinant 2ZAPII clones containing random-primed PYFV cDNA were screened with an anti-PYFV antiserum. A number of positively reacting clones were selected and excised in vivo to yield pBluescript clones. The largest clone selected in this way contained an insert which started at nt 1042 and terminated at nt 3165. This produced an in-frame fusion protein linked to the flgalactosidase protein encoded by pBluescript, with the PYFV moiety beginning at amino acid 256 and ending at amino acid 963. The PYFV polyprotein had no amino acid sequence similarity with the particle proteins of CPMV, TBRV or TEV. However, similarity was found between the PYFV polyprotein and HRV14 VP3 (Fig. 3c, region I) . VP3 is the most highly conserved particle protein among picornaviruses (Acharya et al., 1989) and sequence conservation has been noted between HRV14 VP3 and regions of the capsid proteins of southern bean mosaic sobemovirus, tomato bushy stunt tombusvirus, carnation mottle carmovirus and turnip crinkle carmovirus (Vingron & Argos, 1991) . The sequence similarity between PYFV (or HRV14) and these plant viruses is somewhat less than that between PYFV and HRV14.
Non-structural proteins
The conservation of domains in the non-structural proteins of RNA viruses is well documented Haseloff et al., 1984; Goldbach, 1986 Goldbach, , 1987 and two of these domains were found in PYFV by dot matrix comparison. The longest regions of similarity corresponded to the 87K protein of CPMV (WeUink et al., 1986) and the 92K protein of TBRV proposed by Greif et al. (1988) (Fig. 3a and b, region III) . The similarity in this region between PYFV and the 3D (RNA polymerase) proteins of picornaviruses was weaker but still readily detectable (Fig. 3 c and d, region  III) .
The extent of the similarity between PYFV and the NTP-binding proteins of CPMV (58K), TBRV (72K) and picornaviruses (2C) was similar for all the comparisons (Fig. 3a to d, region II) . The conserved domains (G/A)XXGXGK(S/T) and D(D/E) were found in the polyprotein sequence of PYFV (amino acids 1467 to 1474 and 1518 to 1519).
Discussion
The particle properties of PYFV have led to speculation that it is more closely related to animal picornaviruses than any other plant virus described to date.
We have determined the complete sequence of PYFV RNA (isolate P-121) and found that the genome organization shows both similarities to and differences from those of picornaviruses. The genome of PYFV is a ssRNA, 9871 nts in length, and contains a large ORF encoding 3027 amino acids. The presence of a polyprotein is consistent with the array of large proteins produced during in vitro translation of PYFV RNA (M. A. Mayo & A. D. Turnbull-Ross, unpublished data) . The length of the 5' UTR, the absence of stable secondary structure and the probable use of the first AUG codon from the 5' end of the RNA suggest that ribosomal initiation occurs by a scanning mechanism. This differs from initiation in picornaviral RNAs where an internal ribosomal entry site is used (reviewed by Jackson et al., 1990) .
In PYFV isolate P-121 there are three distinct particle proteins (31K, 26K and 22.5K) compared with the four found in most picornaviruses. Antibodies in a polyclonal antiserum to PYFV particles reacted with the translation products of transcripts of clones from the 5' half of the genome, suggesting that this region contains some of the coat protein epitopes. The largest reactive clone encoded PYFV amino acids 256 to 963. In addition, the dot matrix comparison showed similarity between the PYFV polyprotein (amino acids 653 to 798) and VP3 of HRV14. The location of the coat proteins within the polyprotein of PYFV is similar to that found in picornaviruses. However, it is not known whether any non-structural proteins are present on the amino-terminal side of the structural proteins of PYFV, as occurs in the polyproteins of comoviruses and nepoviruses (van Wezenbeek et al., 1983; Meyer et al., 1986) .
Several alignments have been made between sequences of viral NTP-binding proteins Candresse et al., 1990) . It has been suggested that the potyviruses form an outlying group only distantly related to the picornavirus/comovirus/nepovirus cluster; this conclusion is based on the spacing of the conserved domains (G/A)XXGXGK(S/T) and D(D/E) and the presence of other conserved domains (Gorbalenya et al., 1988 . The spacing between the domains in PYFV suggests that it belongs to the picornavirus/comovirus/nepovirus cluster rather than the potyvirus/flavivirus/pestivirus cluster.
Sequence conservation in the RNA polymerase domain of RNA viruses has been used to produce several alignments and phylogenetic trees Poch et al., 1989; Candresse et al., 1990; Koonin, 1991) . The strongest region of homology shown by the PYFV polyprotein was with the RNA polymerase protein of CPMV (39.7~ identity over 280 amino acids; Fig. 3 a, region III) . The carboxy-terminal location of the putative polymerase of PYFV is analogous to the location of the polymerase in the polyproteins of picornaviruses, comoviruses and nepoviruses and differentiates PYFV from potyviruses in which the particle protein occupies the carboxy-terminal position in the polyprotein (Allison et al., 1985) . In addition, the results of dot matrix comparisons showed that the putative polymerase of the PYFV polyprotein has a carboxyterminal region with no counterpart in picornaviruses. A carboxy-terminal extension of the polymerase protein sequence is also found in CPMV and TBRV, but there is no sequence conservation among the plant viruses in this region ( Fig. 3a and b) .
The 3' UTR (509 nts) is longer than that of comovirus, nepovirus, potyvirus or picornavirus RNAs (35 to 350 nucleotides). In addition no evidence was found for a poly(A) tail in PYFV RNA as is normal for the RNA of picorna-like viruses. However, most of the oligo(dT)-primed clones were co-terminal and sequence analysis showed that the clones originated in an A-rich sequence of the 3' UTR (nts 9555 to 9568). This sequence may have been responsible for the apparent binding of PYFV RNA to oligo(dT) columns reported previously (Murant, 1988) . We could not detect binding of PYFV RNA to an oligo(dT) column under similar conditions, although we did detect binding of TBRV RNA.
Analysis of potential secondary structures in the 3" UTR of PYFV revealed a possible stem-loop structure near the 3' terminus (Fig. 4) . The free energy (AG°37) of the structure in PYFV, calculated by the method of Freier et al. (1986) , is similar to those of the 3' UTR stem-loops of mosquito-borne flaviviruses (Grange et al., 1985; Brinton et al., 1986; Wengler & Castle, 1986; Hahn et al., 1987) and tick-borne encephalomyelitis virus strain Hypr (Mandl et al., 1991) . There are differences in the predicted structures of the loops and PYFV has a short 'tail' which is not found in flaviviruses. None of the conserved sequence motifs identified in mosquito-borne flaviviruses (Hahn et al., 1987) were found in the 3' UTR of PYFV. The structural protein coding regions of PYFV are positioned towards the 5' end, and those of the nonstructural proteins at the 3' end, of the genome which is reminiscent of the organization in picornaviruses. Sequences in the part of the polyprotein containing PYFV coat proteins were similar to sequences in VP3 of HRV14, but no sequence similarity was detected to the coat proteins of CPMV. In contrast, the similarities in the RNA polymerase domain were greater between PYFV and CPMV than between PYFV and picornaviruses. PYFV thus has characteristics which place it taxonomically between picornaviruses and comoviruses. However, it is distinct from both in lacking a poly(A) tail.
The unusual combination of particle properties and the genome organization described in this paper justify placing PYFV in a new taxonomic group. It remains to be seen whether other possible members of the group [PYFV (Anthriscus serotype) and dandelion yellow mosaic virus (Murant, 1988) ] share the same genome organization. In particular it will be of interest to determine whether PYFV isolate P-121 is typical of the group in having a long 3' UTR with the potential to form a stem-loop structure. This work was supported by a grant from the Scottish Office Agriculture and Fisheries Department (SOAFD) under the Increased Flexibility Scheme. We are grateful to the SERC Daresbury laboratory for use of computing facilities.
